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Many new physics models beyond the standard model (SM) can give rise to the large charged 
Higgs couplings H~qb and H'^bq, where q — t or the new vector- like heavy quark T, which are 
predicted in many new physics models, such as the littlest higgs (LH) models and the left right 
twin higgs Models (LRTH); On the other hand, some new physics models like the LH also predict 
the gauge-higgs couplings. Such couplings may have sizable collider phenomenology. We focus 
our attention on these couplings induced by the LH and the LRTH models and consider their 
- - - contributions to the production cross section for W^H^ production at the LHC. We find that the 

' cross sections, in the LH models, on the parton level gg — >■ W^H^ and qq — ^ W^H^ {q = u, d, s, c, b) 

may reach tens of several dozen femtobarns in reasonable parameters space at 14 TeV and that the 
total cross section can even reach a few hundred femtobarns in certain favored space. While in 
LRTH, the production rates are basically one order lower than these in LH. Therefore, due to the 
^ , large cross sections of that in the LH, it may be possible to probe the charged higgs via this process 

in a large parameter space. 
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PACS numbers: 



^ i I. INTRODUCTION 

Ph. 

O I- The primary goal of the Large Hadron Collider (LHC) at CERN is to verify the electroweak symmetry breaking 
1^ mechanism and discover or rule out the existence of a Higgs boson. Since both the ATLAS and CMS collaborations 
have discovered a Higgs boson-like particle with mass of around 125 GeV at a significance of 5cr last year, the goal 
seems to have been reached [HQ- Apart from searches for the Higgs boson, there is an ongoing hunting for signals 
', of physics beyond the Standard Model (SM) at the LHC, and hopefully these experiments will shed some light on 
■ physics at the TeV scale. 

] The prediction of a fundamental Higgs boson in the Standard Model appears to be incomplete and reveals aesthetical 
and theoretical problems such as the famous hierarchy problem and triviality problem. Various new physics models 
beyond the Standard Model can solve in different ways the previous mentioned problems. In the Little Higgs models, 
• ,: the Higgs bosons emerges as the pseudo Nambu-Goldstone bosons associate with the spontaneous breaking of a global 
• symmetry. In order to implement the collective symmetry breaking mechanism, new particles such as heavy gauge 
, bosons and top-partners are introduced. Quadratically divergent corrections contributed by such new particles to 
' Higgs boson masses cancel out those by the top quark and gauge boson loops at one-loop level. Thus no much fine 
• • ■ tuning is needed in Little Higgs model with cut off scale ©(lOTeV). Another example is the left-right twin higgs 
. ^ model. Again, the Higgs bosons in nature are pseudo- Goldstone bosons from spontaneously broken global symmetry. 
' Gauge and Yukawa interactions that explicitly break the global symmetry can give masses to the Higgs bosons. 
^ , As a consequence of the discrete twin symmetry, the quadratic terms in the Higgs potential respect the global 
symmetry, thus does not contribute to the Higgs masses. However, logarithmically divergent terms are radiatively 
generated which are not invariant under global symmetry and contribute a mass to the pesudo-Goldstones. The result- 
ing Higgs mass mass is around the electroweak scale when the cut off is around 5 ~ 10 TeV. The twin Higgs mechanism 
can be implemented in left-right models with the discrete symmetry being identified with left-right symmetry. 

Little higgs models and the left-right twin higgs models predict multiplet physical Higgs bosons, two of which are 
charged. Since it is hard to distinguish between the CP-even higgs bosons in such new physics models and the higgs 
boson in the standard model, observation of a charged Higgs is a crucial signature for new physics beyond the standard 
model. That is why the charged scalar particles have attracted much attention in the previous years by different high 
energy physics experiments and they will certainly be probed on LHC. 

The search for Higgs bosons and new physics particles and the study of their properties are among the prime 
objectives of the large hadron coUider (LHC) [3|]. Since the discovery of the charged Higgs bosons will be the evidence 
of new physics beyond the SM, there are increasing interests in theoretical and experimental studies to provide the 
basis for its accurate exploration. Therefore the LH and LRTH models are very interesting since in these models 
charged scalars are predicted and they may possess larger tree-level or one-loop top or bottom Yukawa couplings so 
we may detect the new Yukawa coupling in these models, which may serve as a sensitive probe of the two models. 

Much effort is put in the search for charged Higgs bosons. There is a direct detection limit M^± > 78.6 GeV from 
the LEP searches through its exclusive decay modes if ^ — )• tv and — )■ cs ^, ^] . The main discover channel for 
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charged higgs bosons at the hadron cohider differ with respect to their mass range. For charged higgs fields in the 
low mass range m^± < mj, the signal for such charged Higgs boson is from top quark decay t — > H^b followed by the 
decay fvr- At the Tevatron, due to phase space suppression for a heavy charged Higgs boson production, the 

search is mainly focused on the low mass range mjyi < rrit ■ Currently there is no charged Higgs signal detected from 
top decay nor obvious deviation from Wtb vertex measurement, which can put a constraint to THDM on the small 
and large tan /? regions for a charged Higgs boson mass up to - 160 GeV y . However, due to the large CME for LHC, 
the search for a heavy charged Higgs boson can be feasible via the gh — >■ tH~ production up to a large mass range 
0. For the large mass range mu± > rrit, the signal is from the main production process the gb fusion {gb — >■ tH~) 
followed by its decays. When a charged Higgs boson is heavy enough, its main decay mode can be H~ — >■ tb while 
other modes (say H~ tD^) are small and can be neglected. So the light charged Higgs {m{H~^) < 175 GeV) is 
produced from the top pair production while the heavy charged Higgs {m{H^) > 175 GeV) is produced through 
gg — >■ tbH~ and gb — tH~ with a combination procedure described in Refs. \S\ and 0. 

When the heavy charged Higgs boson is around ITeV or higher, the top quark from its decay can be highly boosted 
and the detectors of LHC may not resolve all jets from its decay when the angle separation parameter is fixed to 
a sp ecific value (say R = 0.5 in anti-kt jet algorithm). Recently, motivated by new technique of "jet substructure" 
|10l4l4i | developed for highly boosted massive particles, a "hybrid-R reconstruction method" , which can use the top 
tagging and the b tagging for other isolated b jets as well as the full reconstructed objects in the final state to suppress 
the background, is proposed to investigate the full hadronical decay channel of the heavy charged Higgs production . 

Recently, discussions on neutral or charged Higgs production at the LHC have been carried out, see e.g, Refs [Tsl - 
[20j . Both the little Higgs models [2l| and the left-right twin higgs models [22| predict neutral or charged (^'', 0^ or 
H^) scalars with large Yukawa couplings to the third generation quarks in addition to a SM-like higgs. They also 
predict one vector-like heavy top quark T and new gauge bosons {Ah, Zh, Wh)- Such new particles can be regarded 
as a typical feature of those models. Signals of this two models have already been studied in the work environment 
of linear colliders and hadron-hadron colliders [23j , but most attentions had been concentrated on the neutral scalars 
and new gauge bosons. Here we wish to discuss the aspects of the charged scalars. 

For the production of charged scalar in association with a W boson at the LHC, there are mainly two kinds of the 
partonic subproccsses that contribute to the hadronic cross section pp — >■ W^(p^: the qq {q — u, d, c, s, 6) annihilation 
and the gg fusion. In this paper we shall discuss the production of charged scalar (j)^ in association with SM gauge 
bosons via those two kinds subproccsses, including the contributions arising from neutral and charged scalar, the 
SM-like Higgs H and the gauge bosons, to search for new physics particles and test these model. 

This work is organized as follows. In Sec. II we recapitulate the LH models, give the couplings relevant to our 
discussion and then discuss the numerical results in it. Similarly, in Sec. Ill the LRTH models are simply described 
and the numerical results will be given. Finally, we compare the results predicted by the two models and give our 
conclusion in Sec. IV. 



II. THE LH MODEL AND W^H^ PRODUCTION AT THE LHC 



A. The LH model and the relative couplings 

The littlest Higgs model[24| is based on the SU{5)/ S0{5) nonlinear sigma model. At the scale Ag ~ 47r/, the 
global SU{5) symmetry is broken into its subgroup SO{5) via a vacuum condensate /, resulting in 14 Goldstone 
bosons. The effective field theory of these Goldstone bosons is parameterized by a non- linear a model with gauged 
symmetry [SU{2) x C/(l)]^, spontaneously broken down to its diagonal subgroup SU{2) x U{1), identified as the SM 
electroweak gauge group. Four of these Goldstone bosons are eaten by the broken gauge generators, leaving 10 states 
that transform under the SM gauge group as a doublet H and a triplet $. This breaking scenario also gives rise to 
four massive gauge bosons Ah,Zh and W^. 



The leading order dimension- two term in the non-linear cr-model can be written for the scalar sector as [24 1 



- i:^Trp^Sp. (1) 

The numerical coefficients have been chosen so that the scalar kinetic terms are canonically normalized. The covariant 
derivative is defined as 

2 

2?^S = - z ^ {g,{W,i: + SMf ) + g'^i^B,!: + ESj)) . (2) 
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To linearize the theory, one can expand E in powers of 1// around its vacuum expectation value Eq 



E = Eo 




(3) 



where h is & doublet and ^ is a triplet under the unbroken SU{2). The appearance of the Eg breaks the local gauge 
symmetry [SU{2) (g) f7(l)]^ into its diagonal subgroup [SU{2) (g) U{1)]sm, giving rise to mass of order / for half of the 
gauge bosons 
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with the field rotation to the mass eigenstates given by 

W = sWi+cW2, 
B = s'Bi+c'B2, 

The mixing angles are given by 

= .92 

Vg'i + g'i ' 

The W and B remain massless and are identified as the SM gauge bosons, with couplings 



.92 



9^ 9is = 92C, 
The couplings of W, W to two scalars are given by: 



9'2C'. 
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In the SM, the four-point couplings of the form WWh^h lead to a quadratically divergent contribution to the Higgs 
mass. In the littlest Higgs model, however, the W'W'h^h coupling has an unusual form as seen in Eq. (|5]), which 
serves to exactly cancel the quadratic divergence in the Higgs mass arising from the seagull diagram involving a W 
boson loop. Similarly, the couplings of B, B' to two scalars are: 
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B'^B'f'Tr 



(9) 
(10) 



By expanding the nonlinear cr-modcl field E as usual, we obtain the Higgs potential 

In the littlest Higgs model (2^ , the naturalness problem induced by the top quark is resolved by introducing a new 
set of heavy fermions with couplings to the Higgs field such that it cancels the quadratic divergence due to the top 
quark. The new fermions come in as a vector-like pair, t and i'"^, which are allowed to have a bare mass term which 
is chosen to be of order f. The coupling of the Standard Model top quark to the pseudo-Goldstone bosons and the 
heavy vector pair in the littlest Higgs model is chosen to be 

Cy = iijk^xyXt^jx^kyU'^ + ^2fii"' + b.C, (11) 



where Xi — {b?,,t?,, t) and e^Tj and t^y are antisymmetric tensors. It is now straightforward to work out the Higgs- 
heavy quark interactions, as given in Table HI after diagonalizing the mass terms, the physical top quark t and a new 
heavy quark T can be obtained 24| : 
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As a summary, the couplings, related to our calculation, of the new particles to the SM particles, which include 
1) the three-point couplings of the gauge boson to the scalars, including case I, one gauge boson to two scalars and 
case II, two gauge bosons and one scalar, 2)charged gauge boson-fermion couplings, 3)the scalar-fermion couplings, 
can be approximately written here as : 
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TABLE I: the three-point couplings of the gauge boson to the scalars, the charged gauge boson-fermion couplings and the 
scalar-fermion couplings in the littlest higgs models. The momenta are assigned according to V^Si{pi)S2{p2) ■ AH particles are 
the mass eigenstates and all momenta are out-going. 



Of which, the charged gauge boson-fermion couplings are purely left-handed, and the projection operator Pl = 
(1 — 7^)/2 is implied. We define xl = X\/{X\ + Aj) to shorten the notation, where Ai, A2 are the Yukawa couphng 
of order 0(1). 

The neutral gauge boson-fermion couplings can also be written as those in Table |TT] [24] . The anomaly cancellation 
requires yu = —2/5 and ye = 3/5 and the couplings are in the form i^^{gv + .9a7^)- 
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TABLE IL Neutral gauge boson-fermion couplings and anomaly cancelation requires yu ~ —2/5 and y^ — 3/5. We write the 
couplings in the form ij'^{gv + dA'Y^)- 



B. the LH <j)W associated production at the LHC 

At the LHC, the parton level cross sections are calculated at the leading order as 

H^)= I. T7^,^\Mren\''di, (12) 

with 
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where pi and p2 are the first and the second initial particles in the parton level, respectively. For our case, they could 
be gluon g and quarks u, d, c, s, b etc. 



The total hadronic cross section for pp SS' + X can be obtained by folding the subprocess cross section a with 
the parton luminosity 



f dr -;— a(s = sr), 

Jra dr 



(14) 



where tq = ('^ipj + mp^)"^ /s, and s is the pp center-of-mass energy squared. dL/dr is the parton luminosity given by 



dT dr 



(15) 



where f^^ and /^^ are the parton pi and p2 distribution functions in a proton, respectively. In our numerical calculation, 
the CTEQ6L parton distribution function is used [25| and take factorization scale Q and the renormalization scale 
fip Q = hf = mcf, + mw- The loop integrals are evaluated by the LoopTools package [26| . 

As for the SM parameters, throughout this paper, we take rrit — 173 GeV |27[, mw = 80.38 GeV, = 91.19 
GeV, and Gp = 1.16637 x 10~^Gey~^ |28j, as{mz) ~ 0.118 and neglect bottom quark mass as well as other light 
quark masses. 

Now we discuss the main involved LH parameters, 

(1) new scalar masses, which include the charged pseduo boson, neutral bosons and the SM-like higgs. The SM-like 
higgs has been discussed after the CERN experiment data releasejUl, and the discussions show that the LH 
models may survive when / > 800 GeV. We here choose the loose constraints that / > 500 GeV and the SM-like 
higgs mass as the current Experiment value: 125 Gev [H, The masses of other scalars, despite of the small 
electromagnetic difference, are the same, m^, as a free parameter varying from 200 GeV to 600 GeV, according 
to the references such as Ref . [1, d, H, |1] . 

(2) The mixing parameter s, c and s', c', which are in the range of ^ 1. We will here take, however, s free 
parameter from — 0.5, and take s' = 0.5 so as the c' > 0.62 according to Ref. [3(1|. 



(3) As for the scale /, for light higgs mass, we have |2j 



2 _ o 2 J , J 

mjj — Zfl ~ Ql-loop -I ^ 2 ^ "2-loop- 



(16) 



with both ai_ioop (we have absorbed a factor of log(167r2) into the definition of ai_ioop ) and a2-ioop containing 
many contributions (terms) from different interactions. Assuming that there is no large cancellation and mj^ is 
no less than 10% of the magnitude of the largest term on the right-hand side of Eq. (ITS)) , a rough estimate of 
the natural scale is obtained ^] 
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where Cmax denotes the largest coefficient of the terms in Eq. (|16l) which could be of the order of 10. So / < 1.6 
TeV, we hear take 500 </ < 2000 GeV. 

(4) About the new gauge boson masses, the final mass eigenstates for the charged gauge bosons are Wl (light) and 
Wh (heavy), with masses to the order of / given by [24] 
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The neutral gauge boson masses are similarly given by 
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where = gv / (2c^) is the SM limit when f ^ oo and the is given in Ref. |24 |. 

(5) If we define x = 4fv' /v'^, which parameterizes the vev of the scalar of the triplet (p. So the mass of the neutral 
scalar boson in Eql^D can be rewritten as [U, [3l| 

Ml, = {mwni -f^il + ^i-'- '^'r + t]}' (24) 
,.2 _ 2m^o/^ _ 2m^o/^ 



The above equation about the mass of cfp requires a constraint of < x < 1 ( i.e.,Av' f /v'^ < 1 )i which shows 
the relation between the scale / and the vev of the higgs field doublets and the triplet {v, v'). We can also take 
X as a free parameter (0 < a; < 1). 

(6) Finally, note that the Wl mass gets a correction at order w^//^, which will modify the relation among the W 
mass, g, and Gp- In the LH model, the relation among the Fermi coupling constant Gp, the gauge boson W 
mass Mw and the fine structure constant a can be written as [32]: 



So we have 



4V2GfMI 
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C. numerical results in littlest higgs model 

Due to the interactions in Tables U and [TTl the single charged boson production associated with the W boson 
processes can proceed through various parton processes at the LHC, as shown in FigdJ in which those obtained by 
exchanging the two external gluon lines are not displayed here. To know the relative values of them, we here, firstly, 
discuss the contributions from every single parton channel though , actually, we can not distinguish the initial states, 
i.e, we will firstly discuss the gg fusion and the qq annihilation processes, respectively, and then sum them all together 
to see the total contributions. 



1. gg fusion in the LH models 

Note that the processes consist of the box diagrams and the W scalar scalar coupling, just shown as Fig. [Ija) and 
(b)(c). The s-channel contribution of the cross sections, however, is tiny, which is easy to understand with the quite 
large center-of-mass depression. 

The production cross sections of the (j)'^W~ of the gg fusion are plotted in Figs. H for 75 = 8, 14 TeV, respectively, 
with X = 0.1, 0.3, 0.5, 0.7 and / = 500 GeV, as functions of the scalar mass m^, assuming the charged and neutral 
scalar mass degenerate, m^i = m^o = m^p . From Figs. [H we can see the cross section of this process is quite large, 
about 100 fb in most of the parameter space and, as was expected, the production rate decreases with the increasing 
scalar mass since the phase space are depressed by the mass. 

To compare the other parameter dependence, in figs. |3]we give the cross sections depend on the parameter / and 
s, for = 8, 14 TeV, / = 500 GeV, and m,j> = 200 GeV, which can clearly show the production rate varying as 
the different parameter. We can see the increasing production rate with the increasing s, but the cross section is 
decreasing when / grows up. 

In Figs. [21 [3] we can also see the x dependence of the process gg (p^W' is very strong since the x (= Afv' /v'^) 
is closely connected to the triplet vev v' , and the v' decide the mixing parameter s_|_, the parameter involved in the 
(j)^i(T)b. The production cross sections of the processes gg — >■ W'^4>~ + X decrease with the increasing parameter 
x. For example, when the center-of-mass is 8 TeV, for a; = 0.1, = 200 GeV, and s = 0.1, the production rate is 
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FIG. 1: Feynman diagrams for the charged scalar production associated with the W boson at the LHC via gluon fusion and the 
quark anti-quark annihilation parton level processes in the LH model. Those obtained by exchanging the two external gluon 
lines are not displayed here. 



about 66 fb; When x = 0.3, however, the production rate declines to only 34 fb. The larger the x is, the smaller the 
cross section is. When the center-of-mass is 14 TeV, the sape situation occurs, just the rate will be about an order 
larger than those of the smaller center-of-mass, i.e, 8 TeV. 

The mixing s affects the process gg (j)^W~ largely, too, however, the trend is different. We can see from Fig. [3] 
(c) that the possibility of the (j)'^W~ associated production increases with increasing s. In Figs. [2 [3lja) (b), we take 
s — 0.1, which is quite small compared to its maximum value, 0.5, according to the discussion of Ref. [30l- So our 
discussion are not the maximum, the results are general. 

The parameter x = 0.1 in Figs. [51 for the t-channel production dominant processes, including the hh (jf^W^ , is 
a little large value for the cross section, since the t-channel productions decrease with the increasing x, which will be 
seen clearly in Figs. [5la)(b) and FiglT] 

Similarly, we can see from Fig. [2jc)(d) that the process gg — t- <j)^W~ is dependent strongly on the parameter /, 
which is understandable since, the most couplings in the LH models, such as (/)+f(T)6 and cji'^W^ S [S — 0°, iJ), 
etc, are tightly connected with the parameter /. The cross sections may be large if the scale / is not too high and 
decreases rapidly as the increasing /. The rates of the production for ^/s = 14 TeV, for example, can arrive 

at about 273 fb, 35 fb and 24 fb, for / = 500, 1000 and 2000 GeV, respectively, with s = 0.1. 

2. (f)W production via quark anti-quark annihilation 

In LH, the (j)W production via quark anti-quark annihilation are realized by the parton level uu, dd, cc, ss, bb 
— >■ (j)W ^ which can be distinguished as t-channel and s-channel processes, but the t-channel are only realized by the 
hh initial state, via 4)'^t{T)b couplings. 

And for the s-channel scalar and W boson associated production induced by the qq {q — u, d, s, c, h) collision, what 
makes the difference among them is only, if we neglect the masses of the quarks m, d, c, s, &, the parton distribution 
function in the proton, so it is naturally to see in Fig|4]that a{uu) > a{dd) > a{ss) > a{cc) > a{bb). 

In Figs. |4Ua)(b), we can see the cross sections decrease with increasing charged scalar mass m^, the level of decline, 
however, is different. For hh realization, we can see it declines rapidly, while the uu, dd, ss, cc annihilations are 
not so quickly. That can be understood that with the small distribution in the proton, the hh collisions mainly 
contribute via the t-channel, while the others are from s-channels mediated by the bosons Ah, Zl, Zh which appear 
in the propagator, with large masses about 1 TeV, which weakens the effect of the increasing scalar mass. When 
7710 is not too large compared to the heavy boson mass, the cross sections from s-channel qq annihilations are almost 
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FIG. 2; In LH, the cross section a of the processes gg — > (f>^W~ as a function of the scalar mass rtitj, with \/S — 8 TeV (a) 
and ^fS = 14 TeV (b) respectively, for / = 500 GeV and s = 0.1, with different x a; = 0.1, 0.3, 0.5, 0.7; the cross section a 
of the processes gg — >■ (j)~^W~ as a function of / with \/5 — 8 TeV (c) and -v/S = 14 TeV (d) respectively, and s = 0.1, with 
different x {x = 0.1, 0.3, 0.5, 0.7); 




FIG. 3: In LH, when the scalar mass = 200, 400, 600 GeV, the cross section a of the processes gg — >■ (jrW as a function 
of X with \/S — 8 TeV (a) and \/5 — 14 TeV (b) respectively, and s = 0.1, with / — 500 GeV; The cross section a of the 
processes gg (p+W as a function of s ior x = 0.1, / = 500 GeV and ^ = 8 TeV and ^ = 14 TeV (c). 



unchanged. Actually, if we assume the 0^ mass are in the order of the heavy bosons, i.e, more than 1 TeV, the 
situation is different immediately. With the increasing m^, the production rates decrease largely, which is verified by 
our calculation though not shown here. 

The s-channel processes in Fig. [T](e), though the parton distribution functions are larger for the uu and dd initial 
states, may be relatively small in view of the center-of-mass depression effects. At the same time, the t-channel 
coupling strengths may be large for little x. In Fig. [ijd), For instance, the strengthen of (j)~^t{T)b ~ mt/?; ~ 1 
contributes large, so no wonder the cross sections of the parton level processes like uu{dd, ss) — >■ (pW are smaller than 
those of the others even with larger parton distribution functions, especially with the increasing /. These can be seen 
clearly in Figs. IHc)(d). 
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FIG. 4: In LH, the cross section a of the processes qq ^ (l>'^W as a function of the scalar mass with \/S — 8 TeV (a) 
and = 14 TeV (b) for / = 500 GeV, x = 0.1 and s = 0.1, here q — u,d, c, s, b quarks. 




" x" " " " " " " " " x " " " " " " " " s 
(a) (b) (c) 



FIG. 5: In LH, the cross section a of the processes qq — >■ (p W , with = 200 GeV, / — 500 GeV as a function of x and s 
for VS = 8 TeV (a), for VS ^ U TeV (b)(s = 0.1) and VS ^ 14 TeV (c)(a; = 0.9) . 



Note that in Fig|3]the processes depend largely on the parameter /, and if the parameter / decreases, the production 
rate of this process will go up rapidly. From the couplings, this can also be see clearly that the 4)T{t) ~ 1//, while in 
the s-channel, the couplings V(j)W {V = Ah, Zl, Zh) ~ v', v' = xv'^/{Af), so they decrease with increasing /. The 
exception, however, occur in Fig. |l{c)(d) and therefore Fig. [S] 

From Fig. 01 we can also see that, when x is small, such as 0.1 which we have chosen, in the most parameter 
space, the largest channel of the processes qq — ?> (pW is the bb — (/>VF, which is easy to understand since, in FiglTJ the 
t-channel process (d) is free of the center-of-mass depression and the upraise via x i.e, the v' does not reveal itself. For 
larger x, however, the situation changes, we can see from Figl5]that, except via bb annihilation, the quark anti-quark 
processes are increasing with the increasing x. 

But, in Fig. [SI we can see that with the increasing parameter x = Afv' /v'^, it is totally different. When x > 0.2 
the cross sections from the uu collision begin overwhelming that from bb at 14 TeV, which is opposite to the above 
discussion. The reason is given in the following, the same as the comparison of (j)W production via gg fusion and qq 
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f(GeV) 

(d) 

FIG. 6: In LH models, the total cross section a of the processes pp — >■ (f)'^W~ as a function of the scalar mass with \fS = 8 
TeV (a) and \/S = 14 TeV (b) for s = 0.1, / = 500 GeV and x = 0.1, 0.3, 0.5, 0.7; The total cross section a of the processes 
pp — >• (j)'^W~ as a function of / with the scalar mass = 200 GeV, s = 0.1 and = 8 TeV(c) and = 14 TeV (d) for 
x= 0.1, 0.3, 0.5, 0.7. 



annihilation. 

Now, compared the Fig. ^c) with Figs. [Sj [71 we can find that the (j)W associated production from gg fusion and 
bb annihilation decreases with increasing x, while those from other quark anti-quark annihilation (uu, dd, ss and cc) 
is opposite, which is understandable from their different coupling forms. Since the VWl4'~^ (V = A^, Z^, Zh) is 
proportional to v' , while <jyt(T)b is in proportion to j — 2s-|_, here s+ = 2v' /v. In the scalar-fermion couplings, actually, 
there is a competition between the two terms j and 2s+. When / = 500 GeV, v/ f ^ 0.5, the 2s+, however, less than 
0.5 all the time if we satisfy the requirement v' < 30, i.e, x < 1 24], so with the increasing v', the couplings (fi{T)b is 
decreasing. 

In Fig. [D^c) we also show the s parameter dependence of the cross sections from the quark anti-quark annihilation, 
we can see from which that the s-dependence of the (pW production via qq annihilation is not straight, due to the 
couphngs of Vqq and V<f)W {V = Zl,Zh,Ah), so it is not strange that in some little area, the cross sections are 
quite large. 



3. Total contribution of the gg and quark anti-quark annihilation 

In Figs. I6l7l we sum the contributions from all the parton level processes. We can see from the figures that the cross 
sections can arrive at tens of fb even when = 8 TeV, and when the center-of-mass rises to 14 TeV, the production 
rates will become more large, larger than 100 fb in quite a large parameter space. So in the discussion of reducing 
the backgrounds, we will concentrate to the 14 TeV center of mass. 

with the increasing x, the s-channel contributions of the qq annihilation contribute more and more large, so then 
the gg fusion and bb collision, the t-channel dominant, are not the largest any more, but instead, the uu and dd will 
control the situation, which can be seen clearly in FiglB] 

From Figs. [6]we can see that the production rates of the (f)^W^ decrease when or / goes up. Note that in Figl6] 
(c)(d), with the increasing /, in the tail of the curve for pp — >• (j)^W~, x = 0.7, the cross sections increase when / 
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FIG. 7; The total cross section a of the processes pp ^ (j> W ^ ^ function of x with the scalar mass = 200, 400, 600 
GeV, s = 0.1 and = 8 TeV(a) and VS ^ 14 TeV(b). 



changes from 1500 GeV to 1700 GeV, which is understandable, when x is large, the contributions from the s-channel 
surpass that from the t-channel, i.e, the gg and 66 reahzation. 



III. THE LRTH MODEL AND (jiW PRODUCTION AT THE LHC 
A. The LRTH model and the relevant couphngs 

The left right twin Higgs mechanism has been proposed as a solution to the little hierarchy problem [3^ [sj] . The 
Higgses emerge as pseudo-Goldstone bosons once the global symmetry is spontaneously broken. Gauge and Yukawa 
interactions that break the global symmetry give masses to the Higgses, with the leading order being quadratically 
divergent. When an additional discrete symmetry is imposed, the leading quadratically divergent terms respect the 
global symmetry. Thus they do not contribute to the Higgs masses. The resulting Higgs masses obtain logarithmically 
divergent contributions. The Higgs masses are around the electroweak scale when the cutoff is around 5 — 10 TcV. 

The twin Higgs mechanism can be implemented in left-right models with the discrete symmetry being identified 
with left-right symmetry [s^. In the left-right twin Higgs (LRTH) model, the global symmetry is U(4) x U(4), with a 
gauged SU(2)l x 811(2)^ x U(1)b_l subgroup. After Higgses obtain vacuum expectation values, the global symmetry 
U(4) X U(4) breaks down to U(3) x U(3), and SU(2);^ x \J{1)b-l breaks down to the SM U(l)y. Three Goldstone 
bosons are eaten by the massive gauge bosons Zh and W^, while the remaining Goldstone bosons contain the SM 
SU(2) L Higgs doublet and extra Higgses. The leading quadratically divergent SM gauge boson contributions to the 
Higgs masses are canceled by the loop involving the heavy gauge bosons. A vector top singlet pair is introduced to 
generate an 0(1) top Yukawa coupling. The quadratically divergent SM top contributions to the Higgs potential are 
canceled by the contributions from a heavy top partner. Many new particles which have order of one interaction 
strength with the SM sector are predicted and rich phenomenology is expected at the LHC. 

Two Higgs fields, H and H, are introduced and each acquires a non-zero vev which breaks one of the U{A) to U{3) 
and yields 14 Goldstone bosons. Six out of the fourteen Goldstone bosons are eaten by the massive gauge bosons. 
After the re-parametrization of the fields, we are left with one neutral pseudoscalar (fP , a pair of charged scalar 0^, 
the SM physical Higgs h, and a SU(2)l doublet h = {h^,h'^). 

The Higgs vevs also break SU(2)fl x U(1)b_l down to the SM U(l)y and generates four charged and two neutral 
gauge bosons : W^, W^^, Z and Zh- W and Z are the usual massive gauge bosons in the SM and Wh, and Zh are 
three additional massive gauge bosons with masses of a few TeV. 

The Lagrangian concerning of the new particles can be written as 

^ = + + Cf + Cy + Cone-loop + C^l■ (27) 

The various pieces in Eq. (j27p . in the order in which they are written, are covariant kinetic terms for Higgses, gauge 
bosons and fermions, Yukawa interactions, one- loop Coleman- Weinberg (CW) potential |35j for Higgses and soft 
symmetry breaking /i terms. 

Once H and H obtain vevs, the Higgs kinetic term Ch gives rise to the gauge boson mass terms. When H and 
H get vevs SU(2)i x SU(2)ij x U(1)b-l breaks down to U(1)em- There are six massive gauge bosons W^,W^, Z, 
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Zh, and one massless photon 7. For the charged gauge bosons, there is no mixing between the and the W^: 

Using the appropriate nonhnear Higgs representation and the unitary gauge choice given in Ref. [34], we obtain 
the derivative self-interactions of the scalars and the interactions between scalars and gauge bosons. The kinetic term 
for the gauge bosons, Lg, is standard. It gives us three and four gauge boson self-couphngs. The covariant kinetic 
term for fermions, £/, is straight forward to write down once the gauge representations of all fermions are known. It 
gives rise to the gauge interactions of fermions. The Yukawa coupling Cy couples fermions to Higgses. It generates 
the fermion masses once Higgses get vevs. It also gives rise to scalar-fermion-fermion Yukawa interactions. U(4) 
violating interactions, i.e. the gauge couplings and Yukawa couplings, generate a potential for the Goldstone bosons 
at loop level, which is indicated by Cone-ioop for the one-loop contribution. In particular, it generates mass terms for 
the Goldstone Higgses. The neutral scalar </)°, however, remains massless due to a residual U(l) global symmetry. A 
'^-term' is introduced to break the global U(l) symmetry softly in order to give a mass to (/)°. This /i-term inevitably 
gives masses to other scalars. Other /i-terms could be added to generate masses for other Higgses, for example, the 
dark matter candidate /i2- 

Summarily, the kinetic terms of hi ggs , the gauge bosons, Cg, fermions, Cf, the Yukawa coupling Cy of fermions to 
Higgses, the one-loop CW potential !35| the /^-term can written as 



Cg = --tiiF^.)L{FnL - T;triF^^)RiF^nR - -MF^..)B-L{FnB-L. (29) 



Ch = {D^H)^D^'H + {D,,H)^D^'H, (28) 
ltiiF,,)LiFnL \tr{F,,)R{F^'')R - \i 

+ q^l,{^>^-^^W^s^^)q (30) 

Cy = ^-^{QLc.T2Hl){HlT2QRp) + ^-^{QLc,HL){HiQRp) (31) 
+ yLQL3T2HlqR + yRQR3T2H'^qL - MqLqR + h.c. 

1 Ti/f2 

^cw = E^^'(ln#+")' (32) 

i 

= -t?i{HlHL + h.c.)~ ^il{HlHR + h.c.)+fL^HlHL. (33) 

In the equations above, the covariant derivative 13^ — d'^ — ig2W2 — iginB-LWQ_^; gi and 32 are the gauge couplings 
for U(1)_B_L and 811(2)^^^, and ub-l is the charge of the field under IJ{1)b-l- {F^u)l,r and {F^^)b-l are the field 
strength for SU(2)i_i? and \]{\)b-l, respectively, "a", "/?" is the family index which runs from 1 to 3 and under 
left-right symmetry, yL^yji^ y. 

In the Yukawa coupling Cy, a non-zero value of M leads to the mixing between the SM-like top quark and the 
heavy top quark. The larger the value of M, the larger the mixing between the two gauge eigenstates. In particular, 
the left-handed light top quark has a non-negligible component of SU(2)l singlet once M is large. The value of 
M is constrained by the requirement that the branching ratio of Z — > 66 remains consistent with the experiments. It 
is also constrained by the oblique parameters. 

In the CW potential, the Mf is the field dependent squared mass. The constant a is taken to be —3/2. Expanding 
the potential with respect to the physical Higgses, we obtain the SM Higgs potential Vo(/i), which determines the SM 
Higgs vev and its mass, as well as the masses for the other Higgses 0^, 0°, and /12. The orthogonal combination 
is an exact global symmetry which is preserved by all interactions. Therefore, the corresponding Goldstone boson (jp 
remains massless even after spontaneous symmetry breaking. To give mass to 0", a /i-term need to be introduced. 

In the n term, to preserve the stability of /i2 dark matter, we choose jii = 0. The second term breaks the U(l) 
global symmetry that protects the mass of 0" and thus generates a mass for (fp . The nonequality between /i; and /i^ 
breaks the left-right parity, albeit, only softly. Therefore, it is natural for to be of the order of / or smaller, /i^ 
term also contributes a tree level mass to the SM Higgs. In order not to reintroduce fine tuning, /i^ has to be less 
than about In our analysis below, we choose /i^ to be fairly small, but enough to push up m^o above the current 
experimental bounds. 

In the subsections above, we discuss very roughly the individual term in the Lagrangian, and one can refer to Ref. 
[3^ ] if the particle spectrum and interactions in detail are wanted to be obtained. 

Based on the Lagrangian given in Eql27l and the Eqs. (28-34), we can write, the fermic couplings concerned of our 
calculation as 

AS for the coupling between the boson and the scalars, we find that they all vanish, if we parameterize the scalars 
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p3,rticlGS 


VGl'tiCGS 


pcLrticl6s 


vGrticGS 


W+^tb 








Htt 


—emtC lC rJ (2mw s^u) 


HTT 


-yiSnSL - ClCrx)/V2 








-iyCLCR-ys/V^ 




-iiSnmiPL -ySLfPR)/f 


^^Tb 


i{CRmtPL -yCLfPR)/f 



TABLE III: the three-point couphngs of the charged gauge boson-fermion and those of the scalar-fermion in the left right twin 
higgs models. The momenta are assigned according to V^S'i(pi)S'2(p2). All particles are the mass eigenstates and all momenta 
are out-going. 



in the Goldstone bosons fields as 3J| , 



N 



V2f 



C 



F(cosx+2^ 



F sin X 



N 
C 



V2f cos X ^0 

3F <P ' 

v+h _ ■ xf 

V2 \/2F(cosa:-|-2^ 

/C0S£^+^ 



where the TV, TV, hi, h2,C, C are in the Goldstone bosons fields. 



H 




H 



I ^— e 2/ 



Vx 



(34) 



hi 
h2 
C 

ifVx cot / 



(35) 



By this parameterization, the requirement of vanishing gauge-Higgs mixing terms can be satisfied, i.e, in this 
redefinition of the Higgs fields, the couplings WZ(j)^ , Wjcj)'^, WZHfj)^, W'Jh4''^, WcjPcj)'^ , and Whcf)^ are zero, which 
is different with that in the littlest higgs models. The re-parametrization in EqlM] corresponds to correct unitary 
gauge choice and are canonically normalized, which has been verified by our rough estimation. 



B. LRTH (j)W production at the LHC and the numerical results 

Due to the missing of the gauge-Higgs mixing terms, the associated production of the charged scalar (j)'^ and the 
charged gauge boson W is different with that in the little higgs models. In Fig. [TJ the figures (a) and (e) will not 
occur in the LRTH models since they contain the guage-higgs mixing couplings, while the others are kept and they 
are the realization of the 4)W production in the LRTH models. 

When discussing the numerical results of the processes, just as the discussions in LH models, we also, firstly, 
investigate the contributions from every single parton channel, i.e, the gg fusion and the qq annihilation processes, 
respectively, and then sum them for the total contributions. 



1. gg fusion in the LRTH models 

Different with that of the LH models, the 4)W associated production are carried out only by the box diagrams from 
gg fusion and t-channel contribution via the quark anti-quark annihilation, just shown as FigU] (b)(c) and (d), and 
the s-channels in FigH] (a) (e) are missing. 

The production cross sections of the (f)^W~ of the gg fusion are plotted in Figs. [8] with M = 100, 300, 500 GeV 
for -v/S* — 8, 14 TeV and for / = 500 GeV, as functions of the scalar mass m^, assuming the charged and neutral 
scalar mass degenerate, rn^i = rn^o = m^v. From Figs. [51 we can see the cross section of this process is less than 
50 fb in most of the parameter space, even for a larger certer-of-mass energy, i.e, at 14 TeV with M = 500 GeV. We 
can also see that, as expected, the production rate decreases with the increasing scalar mass since the phase space 
are depressed by the mass. 

Figs. [5] show the different dependence of the cross sections on the parameter M, with M ~ 100, 300, 500 GeV. 
The results change with the varying values of M and when M is large, such as 

When M is very small, such as < 1 GeV, the collider phenomenology of the (t)'^W^ will very small, which can be seen 
clearly via the two group couplings that realize the (j)^W~ associated production. The (j)'^ib and W~tb couplings, for 

example, are {SnrribPL - ySLfPR)/ f and ^^ClPl/ {V^Sw), respectively, with Sl, Sr M/Mt and Cl = v^l - Sj^. 
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FIG. 8: In LRTH, the cross section a of the processes gg — >■ cfi'^W as a function of the scalar mass or / with y/S — 8 
TeV and ^ = 14 TeV for M = 100, 300, 500 GeV. 



50 when M is small, SljSr will become small too. When M — 0, Sl^Sr also change into 0. So if M is too small, 
the signal will be very small. In the limit case, when AI ~ 0, the light top will not mix with the heavy top, so the 
couplings (f)~^tb disappear, and the contribution are only from the heavy top coupling to the scalar. But the light 
charged scalar is oppsite, which, mainly coupled to the light top, the heavy top couplings W^Th, proportional to 

51 ~ M , disappear. So the cross section will drop down to zero when M is in its limit M = 0. 

We can also see from Figs. [5] that the process gg — ^ (j)'^W^ is dependent strongly on the parameter /, which is 
understandable since, the most couplings in the LRTH models, such as 0+i6),(/)+T6, etc, are tightly connected with 
the parameter /. The cross sections may be larger unless / is not too high. The rates of the (p^W' production for 
= 14 TeV and = 200 GeV, for example, are 52 fb and 7 fb, for / = 500 GeV and / = 1000 GeV, respectively. 



2. bb anrnhilation in the LRTH models 



Unlike that in the LH models, in LRTH, the (pW production via quark anti-quark annihilation are realized only by 
the t-channel parton level hh — >■ (pW , which is because we have expected the higgs-gauge coupling vanishing, so the 
s-channel processes are missing, and only the t-channel processes proceeding by the t — h and T — b mixings survive. 

Due to the small parton distribution functions, the bb realization of the (pW production, which is tree-level, is not 
quite large, can arrive at about 20 fb, a little smaller than that of the gg fusion in the loop level realization. 

At the same time, we can see that the process bb — (f)W depends largely on the parameter M and /, and if / goes 
up, the production rate of this process will decreases, but for parameter M, the cross sections will increase with the 
increasing parameter M, which can be also seen in Figs. IHl 



3. Total Contribution of the gg and quark anti-quark Annihilation 

In LRTH models, we sum all the contribution, from gg fusion and bb annihilation for the 4''^W~ associated pro- 
duction in Figs, [ini and from which, we can see that the cross section can arrive at tens of fb, dependent on the 
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parameter /, M and the scalar mass in a certain center-of-mass VS*- But in quite a large parameter space, the cross 
sections are less than 10 fb. Normally, at the LHC, this will not interest us, so we will discuss little, also in the 
following section. 



IV. BACKGROUNDS AND DETECTIONS 



From the data above, we can see that, at = 8 TeV, no matter LH or LRTH models, the cross section of the the 
charged Higgs associated with a W boson production is quite small, even with a little scalar mass, suca as 200 GeV, 
supposing the luminosity to be 10 fb^^. It is easier, however, for the charged Higgs boson to be observed at \/S — 14 
TeV. Therefore from now on we focus on investigating the charged Higgs associated with a W boson in the following 
processes at the 14 TeV. The following processes can be considered [36] 

pp W^H+ W^tb riybbjj, 

pp W+H- W+tb l+iybbjj (36) 

a.tVS=U TeV with 200 < < 600 GeV. 

For the processes above with final state I + f^r + bbjj, the dominant SM backgrounds are tt, ttW , ttZ , WZjj, 
WWjj and Wjjjj, which are discussed in Ref. [s^. In the W^H^ production processes, four jets are from the 
charged Higgs decay, and three of them are from top quark decay. Therefore to purify the signal, one can require the 
invariant mass of final jets to be around the charged Higgs mass, and one top quark is reconstructed by three jets. 
Since tt is one of the predominant backgrounds, one can veto tt events if the second top quark can be reconstructed. 
The final results given in Ref. ^] show that when after all cuts, there is about Ifb left for the signal process around 
™_f/± = 500 GeV, and the backgrounds are suppressed significantly. And Ref. [3a] also points out in Table I and II, 
with the increasing charged scalar mass, the backgrounds become smaller and easier to be depressed, so it seems that 
the larger the charged scalar mass is, the easier to detect the WH production at the LHC, though the cross section 
of the signals will also be smaller. 

From Ref. [36^ Table II, we can see that if the scalar mass is 400 GeV, the S/\fB can reach 3.42, and with the 
increasing ms (scalar mass), the S/^/B gets larger, so we will focus the scalar mass at 400 GeV and larger. From 
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FIG. 10: In LRTH, the total cross section a of the processes 4>'^W associted production horn gg fusion and hh coUision 
as a function of the scalar mass or / with \/5 = 8 TeV and \/S = 14 TeV for / = 500, 1000 GeV for different M 
{M = 100, 300, 500 GeV). 



Table I of Ref. [S^, we can see if = 400 GeV, when the cross section arrive at 49.7 fb, the S/\/B will be larger 
than 3. 

Table HVl give the optimum value of the (f>^W^ production in the LH and the LRTH models at the 14 TeV when 
= 400 GeV. The parameters are set as: 1) In the LH models, s = 0.1, s' = 0.5, / = 500, 1000 GeV. 2)In the 
LRTH models, the involved parameters are Y — 1, f = 500, 1000 GeV. 



LH 


x=0.1 


x=0.3 


x=0.5 


x=0.7 


x=0.9 


f=500 


61.45 


54.24 


70.7 


109.7 


170 


f=1000 


21.3 


13.3 


7.4 


3.7 


1.24 


LRTH 


M=0 


M=100 


M=300 


M=500 


M=700 


f=500 





1.9 


12.5 


22.4 


29 


f=1000 





0.10 


0.86 


2.07 


3.36 



TABLE IV: For — 400 GeV, the cross section of the signal process at \/S = 14 TeV for / and M in unit of GeV, cross 
sections in unit of fb. 

From Table ITVl we can see that in the LH, when 7715 = 4006*61^, for the small scale /, the the cross sections are larger 
than 49.7 fb, the value for the 3a confidence level. While for the LRTH, it is a little dangerous to reach the detectable 
level in the most parameter space. In LH models, when / is large, the production rates will be depressed and smaller 
than 49.7 fb, which will be hardly to probe. The cross sections, however, are also sensitive to the parameters s and 
s' , this would give quite larger results if we fine tune the parameters. When s — s' — 0.1, for example, the production 
can arrive at 600fb. However, this fine-tuning is not what we want, since it only in a little parameter space and we 
should consider the confinements such as Ref. [soj . 

In LH models, however, we can also consider the larger scalar mass, such as 600 GeV, according to Table I and 
Table II in Ref. [s^, the cross sections before cuts is about 14 fb, and the S/\fB is 8.77 with the integral luminosity 
300 fb~^. We calculate the rate of the (j)W production at — 600 GeV for / = 1000 GeV and s — 0.1, we just find 
that the cross section can arive at about 9 fb, which is close to 14 fb. So we can image that the signal and backgrounds 
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S/y/B should be large, at least larger than 3 for such a large cross section for = 600 GeV. So we may conclude 
that for a larger scalar mass, the associated production could be more easily to be detected. 

V. CONCLUSION AND SUMMARY 

We calculate the charged scalar production associated with a gauge boson W in the LH models and the LRTH 
realizations. Comparing the two kinds of models, we can see that, at the LHC, the (t>W production in the LH models 
are larger than that in the LRTH models, and the LH models should be more more possible to be detected at the 
LHC via the (t)~^W~ production. From the discussion above, we can also conclude that, in LH models, for a small 
/, in most parameter space of the LH model, the production rates can arrive at the detectable level. But when / 
is large, the depression effect becomes strong, so it may difficult for LHC to detect the signal. With a larger scalar 
mass, however, the signal will be a little easier to detect. 
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